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Abstract: Acousto-optic modulators (AOMs) have been widely used in ultra-stable lasers (USLs) for
optimizing its performances. A thermal theoretical model of the AOM, which is made by TeO,, was
established. Based on the model, the temperature coefficients of the diffraction angle and efficiency
were calculated to be 4.051 urad/°C and 0.018%/°C. The influences of thermal effects of the AOM on
USLs’ cavity coupling and frequency stability were firstly studied. A 1 °C temperature change in the
AOM results in a 0.31 Hz frequency fluctuation of the laser within the USL cavity. Simulation and
experimental results indicate that, to achieve USLs’ optimal performance, thermal effects of AOMs
within the system must be addressed and managed.
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1. Introduction

Ultra-stable lasers (USLs) are gaining significance due to the rising demand for preci-
sion measurements [1-4]. Power and frequency stability are critical parameters for USLs,
influenced by the laser’s internal complexity as well as environmental factors [5-9]. To
optimize these parameters, an acousto-optic modulator (AOM) has been applied to USLs.

Previous studies have demonstrated that fluctuations in the power of the incoming
cavity beam can result in a frequency jitter of the laser. One approach to enhance frequency
stability is to utilize the fast response characteristics of the AOM to control the diffracted
beam intensity of the AOM through a feedback system, thus controlling the power stabi-
lization in front of the cavity [10-13]. When an AOM is used as a power stabilization device
in ultra-stable lasers, combined with mode-cleaning techniques, it can reduce relative
intensity noise (RIN) to the 1078-10~7 range in the 1 Hz to 1 kHz frequency band [14,15].
A USL serves as a frequency reference for transmission, necessitating the ability to transmit
over long distances via optical fiber. However, it introduces phase noise into the USLs.
Dynamic suppression of the phase noise is achieved through round-trip optical fiber and
phase-locked loop modulation of the AOM input signal, facilitating the generation of a
high-precision optical frequency standard for long-distance transmission [16,17]. In certain
specific applications, such as optical atomic clocks, the USL must be accurately locked to the
specific atomic leap spectral line frequency. The output frequency of the USL is controlled
by the frequency of the AOM input signal [18-20]. These studies demonstrate that the
application of AOMs in USLs enhances their performance and ensures the feasibility of
various application scenarios. However, as an active device, the AOM generates significant
heat and temperature fluctuations during operation, affecting its operational state and
performance parameters [21-24]. In previous studies, the temperature characteristics of
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USLs were mainly focused on the precision temperature control of the optical cavity [25,20],
and the mechanism of the AOM thermal effect on the USLs has not been analyzed in detail.
Therefore, it is essential to study and analyze the temperature characteristics of AOMs
within USLs to explore their impact on USL performance.

In the present work, influences of thermal characteristics of the AOM on the USLs
were studied. The temperature response of the AOM with TeO, as the working crystal
was theoretically calculated. Furthermore, an angular change model for the first-order
diffracted beam of the AOM was developed through a combination of practical tests. This
work explores the impact of temperature characteristics of the AOM on the performance of
the USL, specifically regarding the AOM'’s effect on power stability and the influence of the
cavity on frequency stability. To suppress the effects of temperature on USLs performance,
a double-pass scheme based on active temperature control was proposed. This scheme
provides an optimized reference for the spatial application of USLs.

2. Theory and Simulation

As shown in Figure 1, an AOM is composed of an acoustic-optic crystal, a piezoelectric
transducer, a sound absorber and radio frequency (RF) impedance matching electronics.
When a high power (watt level) RF signal is applied on the piezoelectric transducer,
sound waves are generated. Due to the photo-elastic effect, the refractive index of the
crystal is altered by the oscillating mechanical strain of sound waves. Since sound waves
are transmitting in the crystal, an equivalent optical grating is formed inside the crystal.
Consequently, when a laser beam passes through an AOM, it will be diffracted into different
orders. The intensity, frequency and spatial direction of diffracted higher-order laser beams
will be modulated.

acoustic absorber

incident light(fo) - +1st order(fo+f)
0 order(fo)

acoustic wave(f)

acoustic transducer

Figure 1. Schematic diagram of AOM working principle. The red arrows in the diagram show the
path of propagation of light and the blue arrows show the path of propagation of sound waves.

When an RF signal is applied on the AOM, the temperature of the AOM increases due
to heat accumulation. This heat accumulation can be attributed to several factors. When
high-frequency electrical power is applied to the piezoelectric transducer of the AOM,
not all of the electrical power is converted into sound energy due to electromechanical
conversion. Part of the electric power is absorbed by the atoms in the piezoelectric element
and converted into heat. Simultaneously, as sound wave propagates through the optical
medium, a portion of the energy is absorbed into the internal energy of the acousto-optic
interaction medium. This phenomenon of heat absorption is also observed in the acoustic
absorber. When the acoustic wave is absorbed by the acoustic absorber as it travels to the
far end of the crystal, a portion of the energy will then be converted to heat.

To characterize the influence of heat accumulation on the performance of AOM, a
theoretical model was established as follows. The expression of the Bragg diffraction angle
is the following [27]:

. A
$inbprage = A (1)
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where A is the wavelength of the incident beam in a medium, and A is the wavelength
of the sound wave. A is related to n, the refractive index of acousto-optic crystals. A is
related to the frequency of the sound wave, and V; is the speed of propagation of the
sound wave in a medium. In a Bragg diffraction, the frequency of the sound wave in
the crystal is equal to the frequency of the input RF signal. The parameters n and V, are
temperature-dependent. The correlation between V, and temperature is due to the crystal
elasticity coefficient versus temperature. Substituting into the above equation allows the
Bragg diffraction angle to be expressed as a temperature-dependent function

OBrage(T) = arcsin (Zn(T/)\g/a(T) f) 2)

where A is the wavelength of the incident beam in a vacuum, and Ay is set to 1064 nm; T is
the temperature of the crystal from 15 °C to 50 °C; n is the effective refractive index of the
acoustic crystal, and n = 2.220702 x (1+ 6.01 x 107° - T); V, is the propagation speed of
sound waves in the acousto-optical crystal, V; = 657.1 — 0.0767 x (T — 20) [28]; and f is the
operating center frequency of the AOM set to 100 MHz. After bringing in the parameters
of TeO, [29-31], the relationship between the crystal temperature and diffraction angle is
calculated to be linear with a coefficient of variation as 4.051 urad/°C, as shown in Figure 2.
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Figure 2. Simulation of crystal temperature versus diffraction angle.

Changes in crystal temperature also have an effect on diffraction efficiency. The
efficiency of the diffracted beam at the first order of the AOM can be expressed as the

following equation [32]:
i = sin’ (:\/ MZZI%IPH) ©)]

where L, H are the length and width of the piezoelectric transducer, respectively, and P, is
the sound power in the acousto-optic interaction region. The acousto-optic figure of merit
is an important descriptive parameter of the acousto-optic crystal and is closely related
to the diffraction efficiency of the acousto-optic crystal, which can be described by the
following equation [33]:

716 P2
M = (4)
A%

where 7 is the effective refractive index of acoustic crystal; p is photo-elasticity coefficient,
p = 0.34; p is the density of TeO,, p = 5966.679 — (0.1832704T) — (1.5120337T)?; and V,
is the propagation speed of sound waves in the TeO,. Therefore, the primary diffracted
optical power can be expressed as the following equation:

3
pn(T) LP, > 5)

NBragg(T) = Si”2< AV.(T) \ p(T)V.(T)2H
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The relationship between crystal temperature and diffraction efficiency is linear with
a coefficient of variation of 0.018% per degree Celsius, as shown in Figure 3.

0.855

0.854

0.853

0.852

0.851

0.850

0.849

0.848

0.847 L L L L 1 1
5 20 25 30 35 40 45 50

Temperature(°C)

Figure 3. Simulation of crystal temperature versus diffraction efficiency.

Temperature-induced changes in the operating state of the AOM can have an impact on
the performance of ultra-stable lasers. By using the above equation, it can be concluded that
the variation in both the diffraction angle and the diffraction efficiency is approximately
linear. The temperature variation coefficient for diffraction efficiency is low, and the
magnitude of change is significantly smaller than the power fluctuation range of the laser
itself, meaning that temperature-induced power changes may be obscured by laser intensity
noise in practical tests. Thus, it does not need to be considered separately in the laser power
feedback control.

However, a change in the diffraction angle will have an effect on the laser entering
cavity. In general, the USLs have two methods for the beam to enter the cavity after passing
the AOM: spatial optical direct coupling and fiber coupling into the FP cavity. The AOM
affects both ways of entering the cavity. In the case of a spatially coupled cavity, the heat
generated by the AOM causes an angular drift of the diffracted beam, which changes
both the angle and the position of laser incidence into the cavity, introducing a cavity
mismatch. Referring to the previous study on the cavity mode and incidence angle [34,35],
the distribution of laser modes in the cavity is also changed. A 100 mm cubic flat-concave
FP cavity used in the laboratory is taken as an example of parameter input (see Table 1 for
the parameters), and the scanning in a free spectral range (FSR) of the cavity is simulated
to solve the mode distribution due to the angular drift and decentration of the diffracted
light at different temperatures of the AOM.

Table 1. Parameter setting of the FP cavity in simulation.

Parameters Values
Cavity length 100 mm
Mirror 1 radius of curvature Infinite
Mirror 2 radius of curvature 1000 mm
Waist radius 0.321 mm
Free spectral range (FSR) 1.5GHz
Transmission 0.01%/0.05%

The simulation results are shown in Figure 4. It shows that, on the basis of the already
matched in-cavity optical path, the change in AOM temperature decreases the intensity
of the TEMO0O mode. Moreover, the temperature sensitivity of the system is positively
correlated with the reflectivity of the cavity mirror, which means the higher the fineness of
the cavity, the faster the intensity of the TEMO00 mode decreases. When the cavity mirror
reflectivity is 99.95%, a temperature fluctuation of 17.69 °C results in the TEM00 mode
intensity decreasing to 50% of its original value, causing it to lose its dominance. When
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the cavity mirror reflectivity reaches 99.99%, the temperature fluctuates only 5.85 °C, and
the TEMOO mode intensity decreases to 50% of the original. This situation leads to a lower
amplitude and a shallower slope of the error signal during the locking process of the USLs,
thereby affecting the locking accuracy and potentially resulting in false locking. Achieving
higher frequency stabilization performance requires higher precision control of the AOM
temperature, as the higher the stability required for USLs, the higher the fineness of the
cavity used.
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Figure 4. AOM temperature variation versus mode intensity in FP cavity.

The fiber-coupled cavity mode can effectively avoid mode changes caused by incident
angles. However, the angular drift of diffraction can cause changes in the optical path,
leading to a decrease in coupling efficiency and ultimately a decrease in cavity power.
Due to the high fineness of the cavity used in the USL, its thermal effect is obvious. The
fluctuation of the in-cavity power will lead to a change in the equivalent length of the
cavity and the corresponding drift of the locked laser frequency. The thermal noise limit
of a 100 mm cubic cavity is better than 1 x 1015 [36]. To make the performance of the
USLs close to the thermal noise limit, when the in-cavity laser is about 40 pW, the fractional
stability of the in-cavity laser power is required to reach the 10~# level, and the suppression
of the AOM temperature effect is necessary.

3. Temperature Effect Verification Experiment
3.1. Heat Generation and Analysis

By changing the laser incident power and RF signal power, the AOM operating
temperature profile was tested to verify the factors affecting the AOM temperature change,
respectively. The AOM used in this work was of the 26th Research Institute of China
Electronics Technology Group with the model number of SGT100-1064-1.5 TA (Chengdu,
China). The AOM used TeO; as its internal crystal and operates in the Bragg diffraction
range. Theoretically, the first-order efficiency in Bragg diffraction can reach 100% because
precise phase matching and optimal interaction length enable complete, coherent energy
transfer from the incident light to the first-order diffracted beam. However, in practice,
the AOM experienced some loss of diffraction efficiency. After conducting experiments
at a wavelength of 1064 nm and a frequency shift of 100 MHz, the diffraction efficiency
was found to reach 85%. The SMA cables connected to the AOM in the figure were also
grounded, sharing a common ground with the entire optical platform to mitigate external
signal. The heat generation power of the AOM in working condition is about 2 W. The
TH10K is the temperature sensor for the crystal. It was coated with thermally conductive
silicone grease and placed on the side of the crystal. The sensor was then fixed with silicone
rubber. The TEC is positioned under the AOM and connected to the Vescent SLICE-QTC
(Vescent, Golden, CO, USA) temperature controller, as shown in Figure 5a. The internal
structure was photographed using an infrared thermal imager while the AOM was in
operation, as shown in Figure 5b. The higher temperatures were on the left side of the
crystal, and the circuitry on the right was also heating up. Where there is a clear temperature
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gradient inside the crystal, the image shows the highest temperature at the side edges of
the crystal, which should be caused by the heat release from the acoustic absorber.

(b)

Figure 5. (a) Photo of AOM temperature control implementation, (b) thermal imaging camera images
of AOM.

Firstly, the temperature change in the crystal was measured at a step interval of
30 mW when a laser beam with a power of 0-150 mW incident on the AOM, as shown in
Figure 6a. During the 10 min test period, the temperature fluctuated around 1 °C, with
no significant temperature rise. Such temperature fluctuations are caused by changes
in room temperature, so the temperature changes caused by laser absorption within the
crystal can be ignored. After experimental verification, it was determined that the USL
system normally is capable of producing a beam within 100 mW of the incident beam. The
absorption of the beam by the crystal temperature of the impact can be ignored.

27 55 T T T T T T T

50 - B

45

-~
—_ O
Oz 3
S £ a0}
] s
E £
] =
52 5 35f
5 =
g 5 —— 0dBm
@ | — -
£ 2 g 3 0.5dBm
= —— 1dBm
25 environment, |
22
20 B
21 1 L 1 . | 15 1 1 L 1 1 L | | L
0 100 200 300 400 500 600 0 120 240 360 480 600 720 840 960 1080 1200
Time(s) Time(s)
(a) (b)

Figure 6. (a) AOM temperature of different incident laser power, (b) three sets of temperature
variation curves.

The crystal’s temperature was 21.4 °C before the AOM was activated, which is similar
to the room temperature of the laboratory, which was 22 °C with 37% humidity. Without
temperature control measures, the crystal’s temperature rapidly increases for the first
5 min after work begins. The growth rate then gradually slows down until it reaches a
temperature equilibrium state. The temperature at equilibrium is mainly dependent on the
power of the RF signal. To generate the signal, a signal generator was used at a frequency
of 100 MHz with intensities of 30 dBm, 30.5 dBm, and 31 dBm for sinusoidal signals. The
final equilibrium temperatures are 42 °C, 45 °C, and 47 °C, respectively. Figure 6b shows
the changes in crystal temperature during the startup process.
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3.2. Diffraction Angle Shift for Single Pass

The diffraction angle temperature model for AOM primary diffracted light was tested.
To avoid the influence of other active devices in the USL, a simplified verification experi-
ment was conducted separately. Figure 7a shows the 1064 nm NPRO laser source incident
on the AOM through a fiber collimator. The polarization direction was adjusted by a
A/2 plate. The beam was divided into two paths by an intensity beam splitter. One path
was used for power detection, and the other was used for spot position capture. The length
of the path was increased to 1.5 m before entering the camera. The first order diffracted
optical power was recorded using a Thorlabs power meter PM100D (Newton, MA, USA),
and the first-order diffracted spot position was recorded using a Thorlabs beam analyzer
BC106N-VIS/M (Newton, MA, USA), as shown in Figure 7b. The diffraction efficiency was
calculated using the Thorlabs power meter. The spot position data collected by the beam
profiler were linearly fitted to solve for the rate of change in the position relative to the
temperature, and the beam position was fitted to the curve as x = 10.23T — 226.88. The
change in the diffraction angle was calculated as 6.82 urad/°C.

Beam Profile

Isolator 1IWp AOMI BS

Power Meter

@)

Beam Position (pm)
8
T

single pass
— — linear fit of single pass

T T T T

20 25 30 35 40 45
Temperature(°C)

(b)
Figure 7. (a) Schematic of single diffraction, (b) diffracted spot position versus temperature change.

3.3. Diffraction Angle Shift for Double Pass

The experimentally measured diffraction angle temperature sensitivity is similar
to the simulation result of 4.051 urad/°C, which is also in accordance with the linear
approximation, and, therefore, the simulation model is valid. The reasons for the numerical
discrepancy may be as follows: firstly, due to the limitation of the AOM structure, the
temperature measurement position can only be located at the side of the crystal, and there is
a gradient in the heat distribution of the crystal, which leads to the discrepancy between the
measured temperature and the temperature of the crystal at the position where the actual
diffraction of the beam occurs. Secondly, the heat release from the absorber was neglected
in the experiment; it will have a slight effect on the sound velocity in the crystal. In addition,
the temperature dependence of the speed of sound in the model did not take into account
that the temperature dependence of the photo-elastic coefficient may introduce errors.
There may also be errors in the individual devices themselves that cause the propagation
direction of the sound wave to be at an angle to the ideal crystal plane direction and thus
affect the sound velocity.
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Laser

Isolator

To address issues caused by variations in diffraction angle, an optical feedback design
can be introduced [37]. In this system, the light returns via a mirror and passes through the
AOM again, making a total of two passes through the same AOM. In the following sections,
this feedback light path will be referred to as the double-pass configuration. Figure 8a shows
the specific double-pass optical path design based on the AOM. After emission, the laser
first passed through a half-wave plate (A/2) to adjust the polarization direction, maximizing
the transmitted intensity through a polarizing beam splitter (PBS), and then it entered the
AOM. The angle of incidence on the AOM was adjusted to achieve maximum first-order
diffraction intensity. The beam exiting the AOM then passed through an optical system
composed of a quarter-wave plate (A/4) and a cat’s-eye lens with a focal length of 40 mm,
which focused the beam perpendicularly onto a mirror. The quarter-wave plate rotated the
polarization of the reflected light by 90° relative to the incident beam, allowing it to pass
through the AOM again. At the PBS, the optical path was deflected by 90°, separating the
incident and diffracted beams. The cat’s-eye system, consisting of the lens and the mirror
at its focal plane, ensured precise overlap between the incident and return paths. Adjust
the mirror’s direction to ensure that the beam as perpendicular to the incident beam. This
action will result in the highest possible diffraction efficiency, which can reach up to 70%.
The double-pass AOM optical path was used to perform dynamic temperature experiments.
The primary diffracted optical power and spot position were recorded separately. The
total diffraction efficiency is the product of the two diffraction efficiencies due to the two
passes of the AOM. The power of the diffracted beam was reduced from 20 mW to 12 mW.
The experiment shows a significant reduction in the diffraction angle when compared to a
single pass of the AOM within the same temperature fluctuation range. The initial spot
position was noted as 0, the maximum range of the diffracted beam shift was reduced from
220.39 pm to 4.65 pm, and the shifts in the double diffraction angles in both directions
were only 2.1% of that of the single diffraction, as Figure 8b shows. The double-pass AOM
diffraction angle should theoretically remain constant regardless of temperature. Any
detected changes in position during experimentation are likely due to mounting errors.
Additionally, the optical power remained stable after being coupled by the fiber coupler.
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Figure 8. (a) Schematic of double-pass diffraction, (b) comparison of single-pass and double-pass
diffraction beam position during AOM start-up.

The experiment comparing the temperature characteristics of the single-pass AOM
and double-pass AOM shows that the double-pass AOM scheme can effectively reduce the
temperature sensitivity of the AOM diffraction angle drift. However, it results in a larger
power loss. In scenarios where laser power loss is not a concern, power fluctuations can be
monitored using PD and then controlled through a feedback system for the closed-loop
control of RF signal strength. In practical applications of USLs, the double pass AOM
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program’s active feedback control of the temperature control system is an effective solution
to the dynamic temperature response introduced in the AOM work.

4. Influence and Analysis of AOM on Laser Frequency Stability

The primary performance metric for USLs is frequency fractional stability. Therefore,
when using the AOM in USLs, it is crucial to consider its temperature effects on laser
frequency. The modulation of laser frequency by AOMs can be interpreted as a Doppler
shift. The AOM alters the frequency of the beam by transferring momentum between
the sound wave and the interacting photons in the acousto-optic device. When a beam is
scattered from a diffraction grating produced by sound waves, it undergoes a Doppler shift.
If the light travels in the same direction as the sound wave, the frequency of the diffracted
beam increases by the amount of the input RF signal drive frequency. Conversely, if the
beam and sound waves propagate in opposite directions, the frequency of the diffracted
beam decreases by the RF signal drive frequency. The frequency shift rate of the laser
through the AOM is solely related to the input RF signal frequency, as determined by
theoretical analysis. It is not affected by changes in crystal temperature.

In order to verify the effect of AOM temperature on the laser frequency, two sets
of USLs were used in the laboratory to form a test system, as shown in Figure 9. The
USL in lab has a linewidth on the order of Hertz. To test the frequency beat performance,
two USLs with similar mechanisms were used in the laboratory. It was approximated
that the two laser systems had similar performance, and the noise was considered to be
supplied by an average of the two to provide an estimate of the laser frequency stability.
The detector (Melon systems FDS310-FS-NIR, Menlo systems, Inc., Martinsried /Munich,
Germany) was used to measure the interfering beam information of the two lasers to
obtain the frequency difference between them. The frequency counter (KEYSIGHT 53220A,
Keysight Technologies, Inc., Santa Rosa, CA, USA) was used to record this information,
with a sampling frequency of 10 Hz. The acquired data were processed using standard
Allan variance calculations. This analysis reveals that the frequency instability of the two
sets of USLs is on the order of 4 x 10~ 1. The AOM in USL-1 was used to test, and USL-2
was referred. AOM 1 was part of the power stable system used before cavity. The beam
passing through AOM 1 enters the cavity after coupling into the optical fiber, to reduce the
mismatch in the cavity caused by the angular drift of the diffracted light due to temperature
fluctuations. AOM 2 was used for the frequency shifting of USL-1 output. This system
design makes it possible for AOM 1 to be used to verify the temperature-frequency effects
of AOM within the USL system, while AOM 2 can be used to complement the external
verification of the principle by which the AOM acts directly on the laser beam.

aser Isolation PBS

HWP== e, ;
USL-1 QB—Q’GWWQWW Beat Frequency
P AOM2 i i
p Frequency Counter::".,
O———w{fflw-tER S |
HWP == R
- i——1
e Isolation PBS B Cavity Camera

USL-2

Figure 9. Schematic of USL beat frequency test optical path. The red dashed box indicates two
ultra-stable laser systems, the blue dashed box indicates the beat frequency optical path, and the red
line indicates the beam path.



Photonics 2024, 11, 1077 10 of 14

A verification experiment of frequency change that connects the AOM to the outside
of the USL system is shown in Figure 9. After completing frequency locking, the laser
output of USL-1 system in the laboratory is connected to the AOM 2 through a polarization
preserving fiber optical fiber. The beat frequency signal is observed by changing the
temperature of the AOM 2. Tests were conducted at three different temperature-changing
process. The first test temperature setting is 24 °C hold, heating to 50 °C, then 50 °C
hold; the second test temperature setting is the reverse of the former cooling process.
The third is a heating process followed immediately by a cooling process. Using USL-2
locked as a reference, the beat frequency signal shows the effect of the AOM 2 temperature
change directly on the laser frequency. The beat frequency signal slope remained constant
throughout, as shown in Figure 10. The frequency of the beat frequency signal matched that
of the laser system. Thus, the slope of the beat frequency signal is a result of the system’s
linear drift. This finding confirms that the change in frequency shift rate is not directly
linked to temperature changes.
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Figure 10. Direct effect of AOM temperature on laser frequency outside of USLs: (a) frequency in
case of temperature change, (b) first-order derivatives of frequencies for temperature variations.

The power stability control module was activated and allowed to run for a period of
time to ensure that it reaches a stable state. The linear drift of the USL frequency in the time
domain and the low frequency of fluctuations in the AOM temperature make it difficult to
decouple temperature changes directly from the frequency data. In order to quantitatively
analyze the effect of in-cavity power fluctuations due to AOM temperature variations on
the USL frequency, power perturbations were introduced using a manually adjustable
offset voltage in the AOM power stabilization feedback system. The USL in-cavity power
was 37.1 uW, and the step of the offset voltage adjustment was set to 10 mV, introducing a
power change of 0.07 uW/mV. The data collected by the frequency counter showed that
a significant step jump occurred at three times power fluctuations of 1.8%, as shown in
Figure 11. From this result, the sensitivity of the cavity locking frequency to power was
calculated to be 47 Hz/uW. Referred to simulation results, temperature fluctuations per
degree leads to a 0.31 Hz frequency drift in the USL. In a sub-Hz level USL, the AOM
should apply temperature control measures to ensure that the temperature fluctuation
during start-up is not greater than 1 °C. This value only takes into account the power
change caused by the fluctuation of diffraction efficiency due to temperature. In the actual
experimental system, since the beam needs to be coupled into the fiber coupler, the change
in the diffraction angle will lead to the reduction in the coupling efficiency and further
worsen the power stability of the in-cavity, and, thus, the accuracy of the AOM temperature
control needs to be further improved.
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Figure 11. Effect of power fluctuations on frequency in USL systems. The black curve represents the
beat frequency signal, and the red arrow indicates where the incoming power changes.

From the above, the frequency change in the AOM diffracted beam is not directly
related to the temperature but only to the frequency of the driven RF signal. However,
in the USL, the diffraction angle and diffraction efficiency change due to the temperature
effect of the AOM, which indirectly leads to the fluctuation of the power of the laser into
the cavity. In this case, the cavity resonance frequency changes due to the thermal effect of
the high-finesse FP cavity, which in turn affects the frequency of the USL output.

5. Discussion

This study’s findings on the thermal effects of AOM in USLs reveal significant impacts
on system stability, particularly through variations in the diffraction angle and efficiency
with temperature changes. These results align with existing research, demonstrating
how thermal fluctuations in optical components can disrupt laser stability by altering key
parameters such as beam alignment and power consistency. Previous studies, such as
those by Lii et al. and Zhang et al. [21,22], have highlighted the temperature sensitivity
of diffraction efficiency and beam stability in AOMs. Our findings contribute to this
understanding by quantitatively evaluating the linear relationship between temperature
and the diffraction angle, with a sensitivity of 4.051 purad/°C in simulation and 6.82 prad/°C
in experimental results. This measured sensitivity to temperature changes underscores the
importance of precise thermal management in systems requiring high-frequency stability;,
such as USLs. The discrepancy between the simulation and experimental values may be
attributed to the experimental simulation of the process, which involves a rapid temperature
rise associated with the startup of the AOM. This finding is due to the faster rate of
temperature rise and the static temperature slow change, which results in a difference in
response. In future studies, the rapid temperature rise process and the thermal equilibrium
state of the comparative experiments will be conducted to examine the thermal effect of the
AOM model in different cases, with a view to further refinement and modification.

This work introduces the double-pass AOM scheme, demonstrating its effectiveness in
reducing angular drift due to temperature changes by more than 90%. Similar approaches
have been explored in applications requiring beam stability; however, our findings offer a
novel perspective by quantifying the temperature-induced drift reduction and validating
its impact on USLs specifically. For instance, compared to the single-pass approach, our
double-pass scheme limits the diffraction angle drift to only 2.1% of its original value,
supporting previous findings by Donley et al. regarding the benefits of double-pass
configurations [37]. This quantitative improvement in stability is crucial for USLs, where
even slight temperature variations can significantly affect laser frequency stability.
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Furthermore, our findings emphasize the need for stringent thermal control in AOMs
to maintain frequency stability in high-finesse Fabry-Pérot cavities used in USLs. Exper-
imental observations confirmed that a 1 °C fluctuation in AOM temperature causes a
0.31 Hz frequency drift in the laser within the cavity, highlighting the indirect impact of
AOM temperature variations on in-cavity power and frequency accuracy. This sensitivity
level suggests that, with advanced temperature regulation, the performance of USLs could
approach the thermal noise limit, enhancing the application of USLs as high-precision
optical frequency references in advanced scientific fields. Overall, this study provides a
comprehensive evaluation of AOM thermal effects in USLs, presenting a foundation for
future enhancements in laser frequency stabilization systems.

6. Conclusions

The causes of temperature change and the thermal effects of AOM in the USL system
is analyzed. The linear relationship coefficient between the AOM diffraction angle and
temperature is simulated at 4.051 urad/°C and measured at 6.82 urad/°C. Implementing
a double diffraction scheme can reduce the angular drift to 2.1% of its original value.
Simulation results of laser oscillation within the cavity indicate that a temperature change
of 5.85 °C, when the AOM acts as a power control element in the USLs, leads to a 50%
reduction in the TEMO0O mode of a 99.999% reflectivity F-P cavity. Experiments further
reveal that a 1 °C temperature change in the AOM results in a 0.31 Hz frequency fluctuation
of the laser within the USL cavity. Therefore, the thermal effects of the AOM adversely
affect ultra-stable laser performance, and the integration of a double diffraction scheme
with active temperature control can effectively mitigate these negative impacts, providing
technical support for optimizing ultra-stable laser performance.
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